Crown ethers have been successfully used to construct ionselective electrodes for primary organic ammonium ions as well as alkali metal cations. 1 The cavity of regularly arranged oxygen atoms of crown ethers provides the site for interaction with not only alkali metal ions but also the NH3 + group of organic ammonium ions. These electrodes, however, responded to primary organic ammonium ions in the order of their lipophilicity, because crown ethers lack the ability to discriminate the hydrophobic part of organic ammonium ions. Thus, it is important to modify crown ethers with appropriate hydrophobic moieties to enhance their interaction with specific organic ammonium ions. When crown ethers were coupled with calixarenes, more specific interactions of these compounds with organic ammonium ions have been observed by transport and extraction experiments 2-4 and spectroscopic measurements, 2,5 since the additional lipophilic moiety provided selective interaction with the nonpolar parts of the organic ammonium ions. We are particularly interested in constructing specific organic ammonium ion-selective electrodes using such calixarene-crown ether conjugates. We used the calix[4]arenecrown-6 derivatives shown in Fig. 1 . Our results indicated that calix[4]-bis-2,3-naphtho-crown-6 has excellent ability to discriminate between methylammonium and other organic ammonium ions, although there was a great deal of interference by inorganic cations, especially Cs + .
Introduction
Crown ethers have been successfully used to construct ionselective electrodes for primary organic ammonium ions as well as alkali metal cations. 1 The cavity of regularly arranged oxygen atoms of crown ethers provides the site for interaction with not only alkali metal ions but also the NH3 + group of organic ammonium ions. These electrodes, however, responded to primary organic ammonium ions in the order of their lipophilicity, because crown ethers lack the ability to discriminate the hydrophobic part of organic ammonium ions. Thus, it is important to modify crown ethers with appropriate hydrophobic moieties to enhance their interaction with specific organic ammonium ions. When crown ethers were coupled with calixarenes, more specific interactions of these compounds with organic ammonium ions have been observed by transport and extraction experiments [2] [3] [4] and spectroscopic measurements, 2, 5 since the additional lipophilic moiety provided selective interaction with the nonpolar parts of the organic ammonium ions. We are particularly interested in constructing specific organic ammonium ion-selective electrodes using such calixarene-crown ether conjugates. We used the calix [4] arenecrown-6 derivatives shown in Fig. 1 . Our results indicated that calix [4] -bis-2,3-naphtho-crown-6 has excellent ability to discriminate between methylammonium and other organic ammonium ions, although there was a great deal of interference by inorganic cations, especially Cs + .
Experimental

Reagents
The reagents were obtained from the following sources: calix [4] -bis-2,3-naphtho-crown-6, calix [4] -bis-1,2-benzocrown-6, calix [4] -bis-crown-6, 1,3-dioctyloxy-calix [4] arenecrown-6, 1,3-diisopropoxy-calix [4] arene-crown-6 and 1,3-dimethoxy-calix [4] arene-crown-6 were from Acros (Geel, Belgium); dibenzo-18-crown-6 was from Aldrich (Milwaukee, WI, USA); potassium tetrakis(p-chlorophenyl)borate (KTpClPB) was from Dojindo Laboratories (Kumamoto, Japan); bis(2-ethylhexyl) sebacate, tris(2-ethylhexyl) phosphate and o-nitrophenyl octyl ether were from Fluka (Buchs, Switzerland); dioctyl phthalate was from Tokyo Kasei (Tokyo, Japan); and poly(vinyl chloride) (PVC) (degree of polymerization, 1020) was from Nacalai Tesque (Kyoto, Japan). All other chemicals were of analytical reagent grade.
Electrode system
The methylammonium-selective electrode was constructed using PVC-based membranes as reported previously. 6, 7 PVC membranes had the following composition: 1 mg of ionophore, 20 mol% of KTpClPB relative to the ionophore, 60 µl (55 mg) of bis(2-ethylhexyl) sebacate and 30 mg of PVC. In some instances, the sensor membrane without KTpClPB was prepared. The materials were dissolved in tetrahydrofuran (about 1 ml) and poured into a flat Petri dish (28 mm diameter). Then, the solvent was evaporated off at room temperature. The resulting membrane was excised and attached to a PVC tube (4 mm o.d., 3 mm i.d.) with tetrahydrofuran adhesive. PVC membranes containing other solvent mediators were similarly prepared using 1 mg of ionophore, 20 mol% of KTpClPB relative to the ionophore, 60 µl of solvent mediator and 30 mg of PVC. For comparison, a sensor membrane based on an ionexchanger alone, composed of 0.5 mg of KTpClPB, 60 µl (55 mg) of bis(2-ethylhexyl) sebacate and 30 mg of PVC, was also prepared. Each PVC tube was filled with an internal solution of 10 mM methylamine hydrochloride and the sensor membrane was conditioned overnight.
The [4] arene-crown-6, 1,3-diisopropoxycalix [4] arene-crown-6 and 1,3-dimethoxy-calix [4] arene-crown-6 were less effective in discriminating methylammonium. Rikadenki, Tokyo, Japan). To examine the pH dependence of the electrode, a miniature pH glass electrode (1826A-06T; Horiba, Kyoto, Japan), together with the test and reference electrodes, was immersed in each sample solution to simultaneously measure the pH of the solution. The volume of sample solution was 1 ml, because our electrode system was compact, as described previously. 8 
Evaluation of electrode performance
The detection limit was defined as the intersection of the extrapolated linear regions of the calibration graph. 9 The selectivity coefficients of the electrode, k i,j Pot , were determined by the separate solution method 9 using the respective chloride salts at 10 mM and were calculated from the equation
where Ei and Ej represent the e.m.f. readings measured for methylammonium and the interfering ion, respectively; S is the theoretical slope of the electrode for methylammonium (58.2 mV at 20˚C); ci and cj are the concentrations of methylammonium and the interfering ion, respectively; and zj is the charge of the interfering ion. For some instances, the matched potential method 10 was also applied to evaluate the selectivity coefficients.
In this case, we used a fixed concentration (1.0 × 10 -4 M) of methylammonium as a background. The selectivity coefficients were calculated from the concentration of interfering ion that induced the same amount of potential change as that induced by increasing the concentration of methylammonium to 2.0 × 10 -4 M. This measurement was performed in the presence of 0.1 M MgCl2, because the electrode response, showing unstable drift at low methylammonium concentration in water, was markedly improved in a solution containing high ionic strength such as 0.1 M MgCl2 and interference by magnesium was very slight. All measurements were performed at room temperature (about 20˚C).
Results and Discussion
Response characteristics of the electrodes based on calix [4] arene-crown-6 conjugates In this study, calix [4] arene-crown-6 conjugates were analyzed to determine whether they can act as unique ionophores for organic ammonium ions. Using the calix [4] arene-crown-6 conjugates and dibenzo-18-crown-6 shown in Fig. 1 , together with the ion-exchanger KTpClPB, we compared the potentiometric ion selectivity coefficients against various organic ammonium ions (Fig. 2) .
For comparison, the selectivity coefficients of some inorganic cations are also shown. These were determined by the separate solution method. 9 Compared with KTpClPB (8; this number corresponds to that shown in Fig. 2) , all of the compounds tested in this study strengthened the response to primary organic ammonium ions over secondary, tertiary and quaternary ammonium ions. The electrode made from dibenzo-18-crown-6 (1) responded strongly to primary ammonium ions in the order of CH3NH3 + < C2H5NH3 + < C4H9NH3 + < C6H13NH3 + , which paralleled the lipophilicity of these ions. This indicated that the cavity of the crown ether provides only the site for interaction with the NH3 + group of organic ammonium ions, as has been discussed previously. 1, 6 In the case of 1,3-dialkoxycalix [4] arene-crown-6 homologs with 1,3-alternate conformation (1,3-dimethoxy-calix [4] arene-crown-6 (2), 1,3-diisopropoxy-calix [4] arene-crown-6 (3) and 1,3-dioctyloxycalix [4] arene-crown-6 (4)), the selectivity sequence of the primary organic ammonium ions changed and the response to CH3NH3 + was strengthened. Especially, 1,3-diisopropoxycalix [4] arene-crown-6 (3) enhanced the response to CH3NH3 + , indicating that diisopropyl groups conferred suitable distortion on the calixarene-crown conjugate to trap the methyl moiety of CH3NH3 + . In the case of calix [4] -bis-crown-6 homologs (calix [4] -bis-crown-6 (5), calix [4] -bis-1,2-benzo-crown-6 (6) and calix [4] -bis-2,3-naphtho-crown-6 (7)), the response to CH3NH3 + was also enhanced, and the calix[4]-bis-2,3-naphthocrown-6 (7) showed the highest selectivity to CH3NH3 + among various organic ammonium ions examined. Such high degree of selectivity toward CH3NH3 + was also shown by the matched potential method (log k [4] arene-crown-6 (2), 1,3-diisopropoxy-calix [4] arene-crown-6 (3), 1,3-dioctyloxycalix [4] arene-crown-6 (4), calix [4] -bis-crown-6 (5), calix [4] -bis-1,2-benzo-crown-6 (6), calix [4] -bis-2,3-naphtho-crown-6 (7), and KTpClPB (8) . Bis(2-ethylhexyl) sebacate was used as the solvent mediator. described later. None of the ionophores tested in the present study could discriminate between methylammonium and inorganic cations such as K + and NH4 + sufficiently. Furthermore, calix [4] arene-crown-6 conjugates have recently been reported to be quite suitable for constructing Cs + -selective electrodes. 1, 2, 11, 12 Thus, all of the electrodes constructed in this study suffered serious interference from Cs + , in addition to K + and NH4 + (for example, log k Pot CH3NH3 + ,Cs + = 2.5 for calix [4] -bis-2,3-naphtho-crown-6 and log k Pot CH3NH3 + ,Cs + = 2.2 for 1,3-diisopropoxycalix [4] arene-crown-6). It should be emphasized, however, that when limited to recognition among organic ammonium ions, calix [4] -bis-2,3-naphtho-crown-6 showed excellent selectivity for methylammonium, as discussed above.
Then, calibration graphs were obtained for the electrodes by measuring known amounts of methylamine hydrochloride added to 0.1 M MgCl2, and plotting the concentrations against the corresponding potential readings. A high concentration of MgCl2 was added to adjust the ionic strength of the solution, 6, 7 and MgCl2 was chosen because the interference from magnesium was slight (log k Pot CH3NH3 + ,Mg 2+ <-3). The measurements were performed in the concentration range of 1 × 10 -7 to 1 × 10 -2 M methylamine hydrochloride. As indicated in Table 1 , calix [4] arene-crown-6 conjugates tested in this study gave nearNernstian responses to methylammonium with similar detection limits and the differences were small. The slope within the linear range and the detection limit for calix [4] -bis-2,3-naphthocrown-6, which showed the highest selectivity against methylammonium, were 56.0 mV per concentration decade and 4 × 10 -5 M, respectively. The response time (90% final signal) of the electrode was below 10 s when the concentration of methylamine hydrochloride was changed from 20 to 100 µM. When KTpClPB was eliminated from the membrane containing calix [4] -bis-2,3-naphtho-crown-6, both the selectivity and the sensitivity of the electrode decreased markedly. This result was in agreement with the view that the presence of the ionic additive in the membrane phase is important for enhancing the electrode response. 13 
Effects of solvent mediators
We examined the effects of solvent mediators on selectivity to methylammonium using calix [4] -bis-2,3-naphtho-crown-6 as an ionophore. We tested tris(2-ethylhexyl) phosphate, dioctyl phthalate and o-nitrophenyl octyl ether in addition to bis(2-ethylhexyl) sebacate. As shown in Fig. 3 , bis(2-ethylhexyl) sebacate showed the strongest response to methylammonium. It is of interest that the use of tris(2-ethylhexyl) phosphate as the solvent mediator enhanced the response to primary organic ammonium ions in the order of CH3NH3 + < C2H5NH3 + < C4H9NH3 + < C6H13NH3 + , which paralleled the lipophilicity of these ions. We reported previously that this solvent mediator interacts strongly with the NH3 + group of organic ammonium ions by hydrogen bonding with the negatively polarized oxygen atom of the phosphoryl (P=O) group of the phosphate ester. 6, 14 Thus, the effect of the ionophore was diminished in the presence of a large amount of this solvent mediator; however, the phosphate esters could not recognize specific organic 15 than bis(2-ethylhexyl) sebacate (ε = 4) 15 and dioctyl phthalate (ε = 5). 15 Low polarity environments provided more appropriate conditions for complexation of calix [4] -bis-2,3-naphtho-crown-6 with methylammonium, effective for the enhanced response to methylammonium.
pH dependence of the electrode
We examined the pH dependence to determine the effective pH range for the electrode using calix [4] -bis-2,3-naphthocrown-6. The pH of the solution was adjusted by adding an appropriate amount of dilute hydrochloric acid or sodium hydroxide solution. The ionic strength of the solution was adjusted by adding 0.1 M CaCl2 instead of 0.1 M MgCl2, because Mg(OH)2 is deposited at pH values above 9. 16 As shown in Fig. 4 , the electrode response was independent of pH over a pH range of 2.5 -9.5. The decrease in potential above pH 9.5 was attributable to an increase in the concentration of unprotonated amine, as the pKa of methylamine has been reported to be 10.6. 17 The decrease in potential below pH 2.5 may be due to protonation of the crown ether in the membrane phase, resulting in a loss of the ability to complex with methylammonium. Similar observations of crown ethers losing their metal-binding capacity due to protonation have been reported previously. [18] [19] [20] These results demonstrated that the combination of calix [4] -bis-2,3-naphtho-crown-6 and bis(2-ethylhexyl) sebacate provided new electrode materials for discriminating between methylammonium and various other organic ammonium ions. The materials were, however, less selective for inorganic cations.
